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Bile acids are signaling molecules that critically control hepatocellular function. Disrupted bile acid
homeostasis may be implicated in the pathogenesis of chronic liver diseases. Glutathione is an
important antioxidant that protects the liver against oxidative injury. Various forms of liver disease
share the common characteristics of reduced cellular glutathione and elevated oxidative stress.
This study reports a potentially novel physiological function of bile acids in regulating hepatic
sulfur amino acid and glutathione metabolism. We found that bile acids strongly inhibited the
cysteine dioxygenase type-1-mediated (CDO1-mediated) cysteine catabolic pathway via a farnesoid
X receptor-dependent mechanism. Attenuating this bile acid repressive effect depleted the free
cysteine pool and reduced the glutathione concentration in mouse liver. Upon acetaminophen
challenge, cholestyramine-fed mice showed impaired hepatic glutathione regeneration capacity
and markedly worsened liver injury, which was fully prevented by N-acetylcysteine administration.
These effects were recapitulated in CDO1-overexpressing hepatocytes. Findings from this

study support the importance of maintaining bile acid homeostasis under physiological and
pathophysiological conditions, as altered hepatic bile acid signaling may negatively impact the
antioxidant defense mechanism and sensitivity to oxidative injury. Furthermore, this finding
provides a possible explanation for the reported mild hepatotoxicity associated with the clinical use
of bile acid sequestrants in human patients.

Introduction
Bile acids are synthesized from cholesterol in hepatocytes (1). Cholesterol 7a-hydroxylase (CYP7A1) cata-
lyzes the rate-limiting step in the classic bile acid synthesis pathway. Bile acids circulating in the enterohe-
patic system activate nuclear farnesoid X receptor (FXR) to exert tight feedback inhibition on CYP741 gene
expression and bile acid synthesis. Hepatocellular FXR induces the repressor small heterodimer partner
(SHP) and intestinal FXR induces the endocrine hormone fibroblast growth factor 15 (FGF15) to tran-
scriptionally repress the CYP7A1 gene in hepatocytes (2—4). Bile acids are efficiently conjugated to glycine
or taurine to form N-acyl amidates in hepatocytes (5). The human bile acid pool contains about 2 to 3
times more glycine-conjugated bile acids than taurine-conjugated bile acids, while the mouse bile acid pool
contains primarily taurine-conjugated bile acids (6, 7). Bile acid amidation increases bile acid aqueous
solubility and enhances their digestive function in the gut (8, 9). In the enterohepatic system, bile acids play
important roles in regulating metabolic homeostasis, immune response, and cell proliferation (1, 10-14).
The sulfur-containing amino acid cysteine supports various important cellular pathways including
protein synthesis, glutathione (GSH) synthesis, taurine synthesis, and sulfate production (Figure 1A)
(15). GSH plays important roles in cellular antioxidant defense and detoxification (16). The liver plays
a central role in regulating whole-body GSH homeostasis and has the highest concentration of GSH
among all organs (17). Cysteine availability is a major determinant of GSH synthesis (16). On the other
hand, abnormally elevated cysteine can cause oxidative stress and cytotoxicity in certain cell types (18).
Cysteine dioxygenase type-1 (CDO1) catalyzes the irreversible conversion of cysteine to cysteine sulfinic
acid, which is the major cellular cysteine elimination mechanism (15). The liver takes up a significant
amount of cysteine from the portal circulation, and CDO1 is expressed at markedly higher levels in
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Figure 1. Disrupting enterohepatic bile acid recycling decreased hepatic glutathione in mice. (A) Illustration of cellular cysteine and glutathione
(GSH) metabolism. Cysteine can be obtained from extracellular or intracellular sources including conversion from methionine via multistep reac-
tions. In GSH synthesis, cysteine and glutamate are used by GCL to produce y-glutamylcysteine, which is then linked to glycine to produce GSH.
GSH can be transported out of the cells where extracellular membrane-bound GGT transfers the glutamyl moiety of GSH to amino acid acceptors
to produce y-glutamyl amino acids and cysteinylglycine, which is transported into the cells for GSH regeneration. The major cysteine degradation
pathway is CDO1-mediated cysteine conversion to CSA, which can be further used by downstream enzymes to produce other metabolites such as
taurine, sulfate, and pyruvate. Arrows indicate increased or decreased hepatic metabolites in cholestyramine-fed (ChTM-fed) mice. CDO1, cysteine
dioxygenase-1; CSA, cysteine sulfinic acid; GCL, glutamate-cysteine ligase; CSAD, cysteine sulfinic acid decarboxylase; Cys-Gly, cysteinylglycine;
GGT, y-glutamyl transferase; y-Glu-Cys, y-glutamyl-cysteine. (B-E) Male C57BL/6) mice at 12 weeks of age were fed a chow diet or 2% ChTM-
containing chow diet for 6 days. Livers were collected after approximately 6 hours of fasting. Liver metabolites were measured by metabolomics
analysis. All results are expressed as mean + SD. n = 5. *P < 0.05 versus chow-fed mice by 2-tailed Student’s t test. AUC, peak area under the curve.
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hepatocytes than nonhepatic tissues, which makes the liver a major organ that regulates cysteine disposal

(15, 19). Here, we report that CDO1-mediated hepatic cysteine catabolism is under the negative regula-
tion of bile acids and FXR, and attenuating this bile acid repressive effect may deplete the hepatic free

cysteine pool and impair GSH synthesis. This study therefore identified a potentially novel physiologi-

cal function of bile acids in regulating hepatic sulfur amino acid metabolism and the GSH antioxidant

defense mechanism, and further suggests that altering hepatic bile acid homeostasis and signaling may

modulate the sensitivity of the liver to oxidative stress—induced injury.
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Results

Disrupting enterohepatic bile acid recycling decreased hepatic cysteine and GSH in mice. To better understand the
endogenous bile acid signaling regulation of hepatic metabolism, we fed mice a cholestyramine-contain-
ing (ChTM-containing) chow diet for 6 days to decrease enterohepatic bile acid recycling and determined
the hepatic metabolite profile. Interestingly, we found significantly decreased hepatic reduced GSH with-
out increased GSH disulfide (GSSG) in the ChTM-fed mice (Figure 1, B and C). The y-glutamyl cycle is
a GSH-dependent amino acid transport system that plays an important role in supporting intracellular
GSH regeneration (Figure 1A) (16). The outer plasma membrane—associated y-glutamyl transferase (y-GT)
transfers the y-glutamyl moiety of extracellular GSH to an amino acid to produce y-glutamyl amino acids
and cysteinylglycine, which are subsequently transported into the cells for GSH synthesis. Consistent with
reduced GSH, liver cysteinylglycine and almost all detected y-glutamyl amino acids were reduced by Ch'TM
treatment (Figure 1, D and E). These results suggest that decreasing intestine bile acid recycling results in a
hepatic GSH-deficient state. The hepatic cysteine level was significantly lower in the ChTM-fed mice (Figure
2A). In contrast, liver glutamate was not changed, and liver glycine was significantly higher in the ChTM-
fed group (Figure 2, B and C). Consistent with decreased liver cysteine, the hepatic y-glutamylcysteine con-
centration was also significantly lower in ChTM-fed mice (Figure 2D). Hepatic methionine, which can be
converted to cysteine, was not altered in ChTM-fed mice (Figure 2E). Furthermore, ChTM feeding did not
have a general effect on hepatic amino acid concentration (Supplemental Figure 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.99676DS1). In summary, these meta-
bolic profiling studies revealed the interesting finding that disrupting intestinal bile acid recycling selectively
reduced the hepatic free cysteine pool and impaired hepatic GSH synthesis in mice.

Attenuating the bile acid repression of hepatic CDOI promoted hepatic cysteine catabolism in mice. Hepatic
gene expression analysis revealed that ChTM feeding did not alter the expression of glutamate-cysteine
ligase (GCL) catalytic subunit (GCLC) or GCL modifier subunit (GCLM) (Figure 2, F and G), which
further suggested that decreased cellular GSH concentration was a result of substrate deficiency but not
decreased expression of the rate-limiting enzyme. Interestingly, ChTM feeding significantly increased liver
CDOL1 expression (Figure 2, F and G). The hepatic cysteine sulfinic acid concentration was also elevated
in Ch'TM-fed mice (Figure 2H), which suggests increased CDO1-mediated cysteine catabolism. Consistent
with a recent report (20), CSAD was induced in the ChTM-fed mice (Figure 2, F and G), which explains
increased downstream hypotaurine, taurine, and N-acetyltaurine concentration (Figure 2I) but modestly
decreased sulfate concentration (Figure 2J). ChTM feeding reduced hepatic SHP mRNA and induced
hepatic CYP7A1 mRNA, indicating reduced FXR activation by bile acids (Figure 2F). In contrast, activa-
tion of FXR with GW4064 decreased CDO1 and CSAD in mouse livers (Figure 3, A and B). GW4064
did not alter hepatic GCLC and GCLM levels in mice (Figure 3B). Bile duct ligation (BDL) for 6 hours
and 24 hours, which caused rapid intrahepatic bile acid accumulation and SHP induction (21), decreased
hepatic CDO1 expression in mice (Figure 3, C and D). CSAD was also repressed 24 hours after BDL,
while GCLC and GCLM were not altered after 6-hour or 24-hour BDL (Figure 3D). In cultured mouse
hepatocytes, GW4064 or chenodeoxycholic acid (CDCA) induced SHP mRNA and decreased CDO1
expression (Figure 3E). Treating primary human hepatocytes with GW4064 or CDCA induced SHP and
inhibited CYP7A1 and CDO1 (Figure 3, F and G). In summary, these results suggest that endogenous bile
acids activate FXR to inhibit hepatic CDO1 and limit the cellular cysteine elimination rate. Disrupting gut
bile acid recycling alleviates this repressive effect, which depletes the free cysteine pool and impairs GSH
synthesis in the liver.

FXR-induced SHP inhibits HNF4a transactivation of Cdol gene transcription. Hepatocyte nuclear factor
40 (HNF4a) is known to play an essential role in maintaining the expression of a large set of hepatically
enriched genes (22, 23). Furthermore, it is well documented that FXR-induced SHP, via direct interaction
with HNF4a as a corepressor, inhibits a number of HNF4a target genes including bile acid and glucose
synthesis genes (23-25). Indeed, knockdown of liver HNF40 in mice markedly decreased hepatic CDO1
expression (Figure 4, A and B). Analysis of a published mouse liver HNF4a ChIP-seq data set revealed
HNF4o binding peaks in the chromatin promoter, intron 3, and 3'-untranslated region (3'-UTR) of the Cdo!
gene (26) (Supplemental Figure 2A). Corresponding DNA fragments containing the putative HNF4o bind-
ing sites were subsequently cloned into a pGL3-basic luciferase reporter construct. In transient transfection
assays, coexpression of HNF4a only induced the reporter activity driven by the intron 3 region (Figure 4C),
but not by a 2,901-bp CDO1 promoter, a distal 3,009-bp upstream promoter region, or the 3'-UTR region
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Figure 2. Cholestyramine induced CDO1-dependent cysteine catabolism. Liver samples were the same as described in Figure 1. (A-E and H-}) Liver
metabolites were measured by metabolomics analysis. Results are expressed as mean + SD. n = 5. (F) Liver mRNA expression. Results are expressed
as mean + SD. n = 4. (G) Liver protein levels. AUC, peak area under the curve; CDO1, cysteine dioxygenase-1; CSAD, cysteine sulfinic acid decarboxylase;
CYP7A1, cholesterol 7a-hydroxylase; SHP, small heterodimer partner; GCLC, glutamate-cysteine ligase catalytic unit; GCLM, glutamate-cysteine ligase
modifier unit; ChTM, cholestyramine; ND, not detected. *P < 0.05 versus chow-fed mice by 2-tailed Student’s t test.

(Supplemental Figure 2, B and C). Mutations introduced into this HNF4a intronic binding sequence largely
abolished the stimulatory effect of HNF4a (Figure 4C). ChIP assay confirmed HNF4a occupancy in this
Cdol intron 3 chromatin region in mouse livers (Figure 4D). Electrophoretic mobility shift assay (EMSA)
further showed direct HNF4a binding to this CDO1 DNA probe, which was abolished when the HNF4a
binding site was mutated (Figure 4E). Nuclear receptors can induce a gene via binding to non-promoter
regions. For example, FXR strongly induces human FGF19 and mouse FGF15 via a binding motif located
in the intron 2 region (4, 27). Our results suggest that HNF4a may stimulate CDO1 transcription via a
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Figure 3. Bile acids and FXR agonist repressed hepatic CDO1 expression. (A and B) Hepatic mRNA and protein expression in vehicle- or GW4064-
treated mice (male, C57BL/6), 12 weeks old). n = 4-5. Results are shown as mean + SD. (C and D) Liver CDO1 mRNA and protein in male C57BL/6) mice
that were subjected to 6-hour sham operation or common bile duct ligation (BDL) for 6 or 24 hours. Liver mRNA is shown as mean + SD. n = 7-8. (E)
Primary mouse hepatocytes were treated with vehicle, 1 uM GW4064, or 25 pM CDCA for 16 hours. Results of 3 independent hepatocyte preparations
are expressed as mean + SD. (F) Primary human hepatocytes were treated with vehicle, 1 uM GW4064, or 25 uM CDCA for 16 hours. Average mRNA
expression of 4 batches of hepatocytes is shown as mean + SD. (G) Primary human hepatocytes were treated as in F. A representative Western blot is
shown. Relative band intensity of results from 4 batches is expressed as mean + SD. *P < 0.05 versus vehicle or sham by 2-tailed Student’s t test in
all data plots. CDO1, cysteine dioxygenase-1; CYP7A1, cholesterol 7a-hydroxylase; SHP, small heterodimer partner; CDCA, chenodeoxycholic acid; CSAD,
cysteine sulfinic acid decarboxylase; GCLC, glutamate-cysteine ligase catalytic unit; GCLM, glutamate-cysteine ligase modifier unit.
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Figure 4. SHP repressed HNF4q transactivation of CDO1 reporter activity. (A and B) C57BL/6) male mice at 12 weeks of age (n = 5) were injected
with empty adenovirus (Ad-Null) or Ad-shHNF4a. After 7 days, mice were fasted for 6 hours and sacrificed. The mRNA results are expressed as mean
+SD. *P < 0.05 versus Ad-Null. (C) WT and HNF4o-mutant CDO1-Intron 3-Luc constructs and pGL3-basic construct (0.2 pg), B-gal construct (0.05
ng), and 0.1 ug pcDNA3.0 or HNF4a plasmid were cotransfected into AML12 cells. Luciferase and B-gal activities were measured 48 hours later. The
putative HNF4a binding site and mutant sequences are shown below the bar graph. *P < 0.05 versus pcDNA3.0; #P < 0.05 versus corresponding
WT-Luc. NS, not significant. (D) ChIP assay detection of HNF4a occupancy to the intron 3 of the Cdo7 chromatin in mouse livers. *P < 0.05 versus
1gG. (E) EMSA detection of HNF4a binding to the WT but not the mutant HNF4a binding site in the CDO1intron 3 DNA probe. Mut, CDO1 probe with
mutations introduced into the HNF4a binding site as shown in C. (F) CDO1-Intron 3-Luc plasmids (0.2 pg), B-gal expression construct (0.05 pg), and
0.2 ug pcDNA3.0 or 0.1 ug FXR and 0.1 ug RXR were cotransfected into AML12 cells. After 24 hours, cells were treated with vehicle (DMSA) or GW4064
(1 uM) for 24 hours. *P < 0.05 versus vehicle; *P < 0.05 versus corresponding pcDNA3.0. (G) Luciferase reporter constructs (0.2 ug), B-gal expression
construct (0.05 pg), and 0.1 ug (+) or 0.2 pg (++) HNF4a and/or SHP expression plasmids were cotransfected into AML12 cells. Luciferase and B-gal
activities were measured 48 hours later. *P < 0.05 versus control (first bar); #*P < 0.05 versus HNF4a (third bar). (H) WT and mutant CDO1-Intron
3-Luc plasmids (0.2 pg), B-gal expression construct (0.05 pg), and 0.1 ug pcDNA3.0 or HNF4a were cotransfected into AML12 cells. Luciferase and
B-gal activities were measured 48 hours later. *P < 0.05 versus pcDNA3.0; #P < 0.05 versus corresponding WT-Luc. All reporter assay results are
shown as mean of triplicates + SD (technical repeats). Statistical significance determined by 2-tailed Student’s t test (A and D) or 2-way ANOVA with
Tukey's post hoc test (C, F-H). CDO1, cysteine dioxygenase 1; SHP, small heterodimer partner; FXR, farnesoid X receptor; RXR, retinoic X receptor;
HNF4a, hepatocyte nuclear factor 4a.
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Figure 5. Disrupting gut bile acid recycling impaired hepatic glutathione regenerating capacity and sensitized mice to acetaminophen (APAP) hepatotoxicity.
C57BL/6) male mice (12 weeks old) were fed a chow or a 2% cholestyramine-containing (ChTM-containing) chow diet for 6 days. Mice were fasted for 6 hours
and then injected with 400 mg/kg APAP for 3 hours or 6 hours. The no-APAP control groups were injected with vehicle and sacrificed at the 3-hour time point.
In some mice, 500 mg/kg N-acetylcysteine (NAC) was administered 15 minutes after APAP injection. (A) Plasma transaminases in chow or ChTM-fed mice. AST,
aspartate aminotransferase; ALT, alanine aminotransferase. n = 5. (B) Representative H&E staining of liver sections (x10 magnification). Scale bar: 200 pm. (C)
Plasma ALT. n = 5-7. (D) Liver phosphorylated JNK, total JNK, and cytochrome p450 2E1(CYP2E1) protein levels. (E and F) Liver GSH and GSSG concentrations. n
=5-8. All results are expressed as mean + SD. *P < 0.05 versus chow at the same time point and experimental condition; #P < 0.05 versus no-APAP-injected
controls on the same diet; P < 0.05 versus 6-hour APAP-injected mice on the same diet. Statistical significance was determined by 2-tailed Student's t test (A)
or 2-way ANOVA with Tukey's post hoc test (C, E, and F).
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functional intronic binding site. We further demonstrated that FXR/RXR cotransfection and GW6046 treat-
ment inhibited the CDO1 intron 3 reporter activity (Figure 4F). Coexpression of SHP dose-dependently
decreased basal and HNF4o-stimulated activity of the CDO1 intron 3 reporter containing the functional
HNF4a binding site (Figure 4G). As positive controls, SHP also repressed HNF4a transactivation of an
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artificial promoter reporter containing 4 copies of a consensus HNF4a binding site (Figure 4G). Further-
more, SHP coexpression repressed the WT, but not the HNF4a binding site mutant CDO1 intron 3 reporter
activity (Figure 4H). Taken together, these results suggest that SHP repressed the CDO1 reporter activity by
inhibiting the HNF4a transactivating activity.

Disrupting enterohepatic bile acid recycling impaired hepatic GSH regenerating capacity and sensitized mice to
acetaminophen hepatotoxicity. The ChTM-fed mice appeared to have normal liver histology, but showed
approximately 3- to 4-fold higher plasma transaminases than chow-fed controls (Figure 5, A and B).
This result is consistent with clinical findings that patients taking bile acid sequestrant therapies often
showed elevated liver transaminases (28-31). Acetaminophen (APAP) overdose causes excess cyto-
chrome p450 2E1-mediated (CYP2E1-mediated) production of toxic N-acetyl-p-benzoquinone imine
(NAPQI), which results in hepatic GSH depletion, mitochondrial damage, and hepatocyte necrosis
(32). APAP-induced liver injury is highly GSH dependent (32) and thus serves as a suitable experimen-
tal model to evaluate the impact of attenuated bile acid signaling on the hepatic sensitivity to oxidative
injury. Interestingly, when challenged with a toxic dose of APAP (400 mg/kg), ChTM-fed mice showed
markedly worsened liver injury, with higher plasma transaminases (Figure 5, B and C, and Supplemen-
tal Figure 3, A and B) and sustained JNK activation at 6 hours after APAP injection (Figure 5D) (32).
ChTM did not alter hepatic expression of CYP2E1 (Figure 5D). In the control group, APAP overdose
caused rapid hepatic GSH depletion, followed by partial GSH recovery at 6 hours after injection (Fig-
ure 5E). However, hepatic GSH levels remained markedly lower at 3 and 6 hours after APAP injection
in ChTM-fed mice than chow-fed mice (Figure 5E). In this cohort of mice, hepatic GSSG concentra-
tion was also reduced in ChTM-fed mice (Figure 5F). This is in contrast to unaltered hepatic GSSG
shown in Figure 1C, which could be due to slight differences in experimental conditions. Nevertheless,
the lack of increased GSSG further confirmed that decreased liver GSH in ChTM-fed mice was not
a result of increased conversion of GSH to GSSG. Hepatic GSH regeneration is an important factor
that determines the severity of APAP-induced liver injury, which can be efficiently ameliorated by
early administration of N-acetylcysteine to support GSH synthesis in humans and experimental models
(32). Administration of N-acetylcysteine to mice 15 minutes after APAP injection largely prevented
worsened liver injury caused by Ch'TM feeding (Figure 5, B and C, and Supplemental Figure 3B). Con-
sistently, N-acetylcysteine administration significantly improved hepatic GSH regeneration after APAP
injection in the ChTM-fed group (Figure 5E).

Overexpression of CDOI in primary mouse hepatocytes decreased cellular GSH concentration and increased
APAP-induced cell death. Although hepatic CDO1 was strongly induced in ChTM-fed mice, decreas-
ing endogenous bile acids in the enterohepatic system and subsequent alteration of FXR activity are
expected to affect various cellular pathways. Therefore, to seek direct evidence that ChTM-induced
hepatic CDO1 was sufficient to sensitize hepatocytes to oxidative injury, we overexpressed CDOI1 in
cultured mouse hepatocytes in vitro. CDO1 overexpression did not affect the expression of CYP2E1
(Figure 6A). Propidium iodide (PI), which stains DNA in cells with damaged plasma membranes, was
used to evaluate APAP-induced cell injury. When cells were cultured in medium containing 100 pM
cysteine to mimic the physiological concentration of portal plasma cysteine (15), CDO1 overexpres-
sion slightly increased PI-positive cells in non—APAP-treated cells (Figure 6, B and C). Upon APAP
treatment, CDO1 overexpression significantly increased the number of PI-positive cells compared with
empty adenovirus—infected (Ad-Null-infected) cells (Figure 6, B and C). Furthermore, when cells were
cultured in cysteine-free medium to remove the extracellular cysteine supply, the CDO1-overexpression
effect on APAP-induced cell injury was further amplified at the 3- and 6-hour time points (Figure 6, B
and C). Under this condition, APAP treatment resulted in close to 100% PI-positive cells at the 12-hour
time point in both groups (Figure 6C). APAP-induced alanine aminotransferase (ALT) release into
the culture medium was not elevated in control cells before the 6-hour time point, but was already
significantly elevated in CDO1-overexpressing cells at the 6-hour time point (Supplemental Figure 4),
which provided further evidence that increased hepatic CDO1 expression accelerated APAP-induced
cell injury. Consistently, CDO1 overexpression significantly decreased cellular GSH levels by approxi-
mately 40% in non—-APAP-treated cells (Figure 6D). APAP treatment time-dependently reduced GSH
levels, while CDO1-overexpressing cells showed lower GSH than controls at each time point (Figure
6D), which correlated with the degree of cell injury.
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Figure 6. Overexpression of CDO1in primary mouse hepatocytes decreased cellular glutathione concentration and increased acetaminophen-induced
cytotoxicity. (A) Western blotting. Primary mouse hepatocytes were infected with empty adenovirus (Ad-Null) or Ad-CDO1 for 16 hours. (B-D) On the same
day of isolation, mouse hepatocytes were infected with Ad-Null or Ad-CDO1(MOI = 10) in regular DMEM medium containing 100 uM cysteine. After 16 hours,
cells were switched to DMEM without cysteine/cystine or with 100 uM cysteine and treated with 2.5 mM acetaminophen (APAP) for 3, 6, and 12 hours. (B
and C) Primary mouse hepatocytes were stained with 1 pg/ml propidium iodide (PI, pink), and then fixed with 4% paraformaldehyde and stained with DAPI
(blue). Scale bar: 200 um. The percentage of Pl-positive cells was determined with Image) software and expressed as mean + SD. Ten to 40 images from 3
hepatocyte preparations were analyzed. (D) Measurement of cellular glutathione. Results represent mean + SD of 6 assays from 2 hepatocyte preparations.
*P < 0.05 versus Ad-Null + cysteine at the same time point; *P < 0.05 versus Ad-Null - cysteine at the same time point. Two-way ANOVA and Tukey’s post
hoc test were used for all statistical analysis. CDO1, cysteine dioxygenase 1; CYP2E1, cytochrome p450 2E1.

Discussion

Hepatic sulfur amino acid metabolism is critically involved in various essential cellular pathways, and dis-
rupted sulfur amino acid homeostasis is implicated in the pathogenesis of many human diseases (15, 16).
However, how bile acid signaling regulates hepatic sulfur amino acid metabolism is incompletely under-
stood. In this study, we report the findings that the major hepatic cysteine catabolic pathway is under
the negative control of bile acids and FXR. As a result, disrupting enterohepatic bile acid recycling may
reduce the free cysteine pool, impair GSH synthesis, and sensitize the liver to oxidative injury. y-GCL is the
rate-limiting enzyme in de novo GSH synthesis. However, cellular cysteine availability is often considered
a major determinant of GSH synthesis because of the relatively high K_ of y-GCL (15). In the ChTM-
fed mice, hepatic y-GCL expression was unaltered, but its product y-glutamylcysteine was decreased by
approximately 90%. Such markedly reduced y-glutamylcysteine concentration could underlie the signifi-
cantly elevated glycine due to decreased glycine utilization in the GSH synthesis pathway. Furthermore,
we showed that most of the intermediate metabolites in the y-glutamyl cycle were significantly lower in
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the liver of ChTM-fed mice. The y-glutamyl cycle plays an important role in maintaining cellular GSH
homeostasis and redox status, and decreased y-glutamyl cycle activity could further predispose the liver to
oxidative stress—induced injury. Indeed, our proof-of-concept study in an APAP-induced liver injury model
demonstrated that ChTM-fed mice were unable to rapidly regenerate GSH upon APAP challenge and
developed worsened liver injury. It should be noted that decreasing circulating bile acids and subsequent
alteration at the FXR level are expected to affect various cellular pathways, especially given that bile acid/
FXR signaling has been reported to induce phase II and phase III detoxification genes (33) and promote
liver-regenerative processes after partial hepatectomy or drug-induced liver injury (34-36). However, we
showed that worsened liver injury in ChTM-fed mice could be prevented by N-acetylcysteine supplementa-
tion, supporting hepatic cysteine depletion as the major underlying cause. In addition, we demonstrated
that direct CDO1 overexpression in cultured hepatocytes, which by-passed other FXR-regulated pathways,
was sufficient to decrease cellular GSH and sensitize hepatocytes to APAP toxicity in vitro. These results
establish a causative relationship between loss of bile acid and FXR repression of hepatic CDO1 and
increased hepatic susceptibility to oxidative stress.

Identification of this potentially novel function of bile acids in the control of hepatic cysteine and GSH
homeostasis not only emphasizes the importance of maintaining bile acid homeostasis, but also provides
possible mechanistic insights into the reported hepatotoxicity associated with the clinical use of bile acid
sequestrants (28-31). A nonabsorbable bile acid sequestrant has been clinically used to treat hypercholester-
olemia, and was recently approved for treating hyperglycemia in diabetic patients (37). The clinical use of
bile acid sequestrants is generally considered safe. However, multiple clinical trials reported frequently ele-
vated plasma transaminases that resolved upon treatment discontinuation (28-31). The underlying causes
of the reported hepatotoxicity are still unclear and somewhat puzzling because bile acid sequestrants are
poorly absorbed into the systemic circulation and theoretically should possess little potential to cause direct
hepatotoxicity. The serum alkaline phosphatase levels in these patients were usually normal and thus did
not indicate biliary injury (28-31). On the other hand, a recent report showed that serum ALT elevation
in ChTM-treated patients was accompanied by over 20-fold elevation of serum microRNA-122 (29), sug-
gesting the presence of hepatocellular injury. Based on the major finding from this study, it is reasonable
to speculate that the negative impact of bile acid sequestrants on hepatic GSH synthesis, in the presence
of increased oxidative stress derived from environmental, pathological, or genetic factors, may potentially
cause hepatotoxicity in some susceptible individuals.

The liver is considered the major organ for taurine synthesis (15, 38). From an evolutionary point of
view, many mammalian species such as mice, rats, and dogs primarily use taurine for bile acid conjugation,
and the use of glycine for bile acid conjugation in humans and other nonhuman primates is considered to
be a more recent event (39, 40). Amidation increases bile acid aqueous solubility and enhances their diges-
tive function in the gut. Defective bile acid amidation, such as in pediatric patients lacking functional bile
acid-CoA synthase (BACS) or bile acid—CoA:amino acid N-acetyltransferase (BAAT), caused fat-soluble
vitamin deficiency, growth retardation, and cholangiopathy (8, 9, 41). Therefore, coordinated regulation
of bile acid synthesis and taurine synthesis by bile acids may ensure that sufficient taurine is available
when de novo bile acid synthesis is induced. Given that taurine is not exclusively required for bile acid
conjugation in humans, the tight coupling of bile acid synthesis and taurine synthesis may be less critical
in humans. Therefore, it is possible that the degree of stimulated cysteine conversion to taurine in humans
taking bile acid sequestrants is less than that in mice, which may explain the generally mild hepatotoxic-
ity associated with the use of bile acid sequestrant therapies in humans (28-31). Furthermore, hepatic
cysteine and GSH reduction alone may not be sufficient to cause liver injury, while its interaction with
other genetic and environmental factors may contribute to the generally mild hepatotoxicity in a subgroup
of patients taking bile acid sequestrants. The ratio of glycine and taurine conjugates can be controlled by
the species-dependent substrate specificity of the BAAT enzyme and subcellular taurine concentration
in the peroxisomes (42—44). However, the evolutionary forces driving the selection of a particular amino
acid for bile acid conjugation is not fully understood. Findings from this study suggest that in species that
primarily use taurine for bile acid conjugation, stimulated de novo bile acid synthesis can be met with
upregulation of taurine production but potentially at the expense of cysteine depletion. Therefore, the use
of glycine for bile acid amidation, and thus eliminating the need to tightly couple taurine production to de
novo bile acid synthesis, may provide an advantage in maintaining bile acid homeostasis and at the same
time preserving cellular cysteine for GSH synthesis.
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Our results suggest that abnormally elevated hepatic CDO1 expression over baseline levels may be an
unwanted effect in pathophysiological conditions or drug therapies. However, the effects of CDO1 inhibi-
tion are less clear and likely tissue dependent. It was recently found that CDO1 expression is frequently
silenced in many types of cancer cells due to the CDOI gene hypermethylation or missense mutations (45,
46). It is hypothesized that reduced CDO1 expression may provide an advantage to cancer cells to survive
under an oxidative stress environment. However, a causative relationship has not been established so far,
and the opposite effect of CDO1 expression in cancer cell growth has also been reported recently (47).
A few studies conducted in genetic Cdol-knockout mice revealed that whole-body complete CDO1 abla-
tion caused more complex metabolic changes and subsequent pathological effects in mice. Global-Cdol-
knockout mice showed severe growth deficit, postnatal lethality, and toxicity in various organs include
the liver, pancreas, and lung (48, 49). Mice lacking CDO1 had decreased taurine production, and taurine
supplement only improved survival but did not correct other adverse phenotypes. Although the underlying
causes are likely complex and remain to be elucidated, it was reported that global CDO1 ablation resulted
in higher tissue cysteine and its conversion to hydrogen sulfide. Intracellular hydrogen sulfide accumulation
may impair mitochondrial function and cause cytotoxicity in certain sensitive organs (48, 49). It has been
suggested that several human diseases may also be potentially linked to decreased CDO1 activities (50-52).
In contrast, liver-specific Cdol-knockout mice were phenotypically normal, did not show taurine deficiency,
and appeared to have an increased hepatic free cysteine pool and increased GSH levels (53). It is likely that
complete loss or partial loss of cellular CDO1 function may have distinct and also tissue-specific effects.
Currently, diseases associated with pathological changes of hepatic CDO1 expression are largely unknown.
Future studies need to further investigate how pharmacological or genetic modulation of hepatic CDO1
impacts hepatic organelle function and metabolic homeostasis in various pathophysiological conditions.

The transcriptional regulation of the Cdol gene has not been well characterized so far. In this study, we
show that the Cdo! gene is a target gene of HNF4a, which can be targeted by the FXR/SHP pathway. These
results provide a molecular mechanism by which bile acids regulate hepatic CDO1 expression. However,
our study does not rule out the possibility that bile acids, FXR, and SHP can also target other transcriptional
factors that positively regulate Cdo! gene expression. This is because we also found that the CDO1 promoter
reporter activity was repressed by GW4064 and FXR/RXR, and by cotransfection of SHP in AML12 cells
(Supplemental Figure 2, D and E). These results suggest that although HNFa does not stimulate CDO1
promoter activity, FXR-induced SHP may repress CDO1 promoter activity. One possibility may be that SHP
inhibits the transactivating activity of other transcriptional factors that bind the CDO1 promoter. Neverthe-
less, since HNF4a knockdown significantly decreased liver CDO1 expression in vivo, SHP repression of
HNF4a likely plays an important role in mediating FXR repression of CDO1. Additional studies are required
to further characterize the transcriptional regulation of CDO1 by transcriptional factors and bile acid signal-
ing. Although our study provided in vivo and in vitro evidence showing that bile acids and FXR regulated
hepatic CDO1, we noted that induction of hepatic CDO1 in ChTM-fed mice was not identified in a previous
study (20), and the cause of such a discrepancy is currently unclear. It is also known that increased cellular
cysteine can induce CDO1 mRNA expression and decrease CDO1 protein degradation via unknown mecha-
nisms (54, 55). However, ChTM treatment decreases hepatic cysteine, which cannot account for increased
hepatic CDO1 in these mice. Further studies are necessary to gain better understanding of the regulation of
CDO1 under physiological and pathological conditions, and by pharmacological approaches.

Regardless of etiology, many forms of liver diseases share the common characteristics of elevated
oxidative stress and reduced cellular GSH (16). Findings from this study emphasize the importance of
maintaining bile acid homeostasis and signaling under physiological and pathophysiological conditions. In
addition, findings from this study suggest a possible link between altered GSH metabolism and the reported
hepatotoxicity associated with the clinical use of bile acid sequestrants. This study added potentially new
insights into the pathophysiological function of bile acid signaling, which is needed for future development
of effective and safe bile acid—based therapies for human disease treatment.

Methods

Reagents. Anti-CDO1 (catalog ab53436), anti-CSAD (catalog ab91016), and anti-CYP2E1 (catalog
ab28146) antibodies were purchased from Abcam. Anti-HNF4a antibody (PP-H1415) was purchased from
R&D Systems. Anti-actin antibody, ChTM, GW4064, APAP, and N-acetylcysteine were purchased from
Sigma-Aldrich. Anti—phospho-JNK (catalog 4668) and anti-JNK (catalog 3708) antibodies were purchased
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from Cell Signaling Technology. Antibodies against GCLC and GCLM were provided by Terry Kavanagh
(University of Washington, Seattle, Washington, USA). Aspartate aminotransferase and ALT assay kits
were purchased from Pointe Scientific. GSH assay kit was purchased from Enzo Life Sciences.

Mice. Male C57BL/6J mice (The Jackson Lab) at 10-12 weeks old were used for the study. ChTM (2%
w/w) was mixed with food. GW4064 was prepared in 10% 2-hydroxypropyl-p-cyclodextrin and adminis-
tered by oral gavage (30 mg/kg, twice/day) for 7 days. BDL in male C57BL/6J mice was performed as
previously described (21). APAP was dissolved in warm sterile saline. Mice were fasted for approximately 6
hours and given APAP (400 mg/kg) via intraperitoneal injection. Mice were fasted for an additional 3 or 6
hours and sacrificed. N-acetylcysteine (500 mg/kg, dissolved in sterile saline) was given via intraperitoneal
injection 15 minutes after APAP injection.

Cell culture. Primary human hepatocytes and mouse hepatocytes were obtained from the Cell Isolation
Core at the University of Kansas Medical Center. Male 10- to 12-week-old C57BL/6J mice were used
for hepatocyte isolation. Primary hepatocytes were plated in collagen-coated plates and treatments were
initiated within 24 hours after cells were plated. During the treatments, cells were cultured in serum-free
DMEM supplemented with 1% penicillin-streptomycin. AML12 cells were a gift from Yangiao Zhang
(Northeast Ohio Medical University, Rootstown, Ohio, USA).

Metabolomics analysis. Male C57BL/6J mice were fed a chow diet or a chow diet containing 2% ChTM
for 6 days. Mice were fasted for 6 hours and liver tissues were collected. Metabolomics analysis was per-
formed by Metabolon Inc. as previously described (56). Liver extract was analyzed on a Waters ACQUITY
UPLC and a Thermo Fisher Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced
with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000
mass resolution. Metabolites were identified using Metabolon’s reference library and software. No standard
curve was used, and results were expressed as relative peak area under the curve (AUC).

EMSA. This assay was performed using an EMSA Kit with SYBR green detection (Thermo Fisher Sci-
entific) following the manufacturer’s instructions. Recombinant human HNF4a protein (TP316588) was
purchased from Origene. DNA probes were chemically synthesized. The sequences of DNA probes used in
EMSA are shown in Supplemental Figure 2B. Images were acquired with a LI-COR Odyssey Imaging System.

Western blotting. Cells or livers were homogenized in 1x RIPA buffer containing 1% SDS and protease
inhibitors, incubated for 1 hour on ice, and sonicated briefly. Supernatant after centrifugation was used for
SDS-PAGE and immunoblotting.

Real-time PCR. Total RNA was isolated with TRI reagent (Sigma-Aldrich). Reverse transcription was
performed with Superscript III reverse transcriptase (Thermo Fisher Scientific). SYBR primers were used
in real-time PCR. Amplification of /8S was used for normalization. Relative mRNA expression was calcu-
lated using the comparative cycle threshold (Ct) method and expressed as 272", Real-time PCR was per-
formed with a Bio-Rad CFX384 real-time PCR detection system. The sequences of real-time PCR primers
are listed in Supplemental Table 1.

Recombinant adenovirus. Ad-Null, Ad-CDO1, and Ad-shCDO1 were purchased from Vector Biolabs.
Ad-shHNF4o was a gift from Yangiao Zhang (Northeast Ohio Medical University). Adenovirus was puri-
fied from HEK293A cells by CsCl centrifugation. Adenovirus titer was determined with an Adeno-X rapid
titer kit from Clontech. Mice were injected 1 X 10° pfu/mouse adenovirus via tail vein.

Luciferase reporter assay. DNA fragments were generated either by standard PCR or by chemical syn-
thesis and subcloned into the pGL3-basic vector (Promega). Mutations were introduced using a Quick-
Change Site-directed mutagenesis kit (Agilent Technologies Inc.). Expression plasmids used in this study
were described previously (57, 58). Luciferase reporter constructs and expression plasmids were transfected
into AML12 cells using Lipofectamine 3000 reagent (Thermo Fisher Scientific). Luciferase activity and
-galactosidase activity were measured using a Bright-Glo luciferase assay system and B-galactosidase
enzyme assay system, respectively (Promega). Luciferase activity was normalized to B-galactosidase activ-
ity and expressed as relative luciferase activity. Results of triplicate assays were expressed as mean + SD. A
representative assay of 3 independent experiments is shown.

ChIP assay. Freshly isolated nuclei from mouse livers were cross-linked in formaldehyde. ChIP assay
was performed as described previously (59) with a ChIP assay kit (Millipore) following the manufacturer’s
instructions. Anti-HNF4a antibody (PP-H1415, R&D Systems) was used in immunoprecipitation. One
percent total lysate was used as input, and IgG was used as negative control. Real-time PCR was used to
detect the HNF4a-bound chromatin region.
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Liver histology. Liver tissue sections were used for H&E staining. Liver pathological changes were evalu-
ated by a clinical pathologist in a blinded fashion.

Statistics. Results were expressed as mean * SD. Statistical analysis was performed by either ANOVA
and Tukey’s post hoc test, or 2-tailed Student’s ¢ test. Pless than 0.05 was considered statistically significant.

Study approval. All animal protocols were approved by the Institutional Animal Care and Use Commit-
tee of the University of Kansas Medical Center.
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